ABSTRACT Myoglobin was purified from skeletal muscle of the pika (Ochotona princeps) and its primary structure was determined. This sequence was added to the set of 64 already known vertebrate myoglobin sequences and used to evaluate the phylogenetic position of the pika among other mammals, using a computerized search procedure based on maximum parsimony criteria. The pika is clearly related to the rabbit (Oryctolagus cuniculus), with which it is traditionally associated as a member of the order Lagomorpha. A monophyletic group composed of Lagomorpha, Scandentia, and Carnivora is a consistent feature of the dendrograms produced. An association of Carnivora and Lagomorpha casts doubt on the results ofthose investigations using rabbit antisera in systematic studies and depending on carnivores as an outside reference group for cladogram construction.
Uncertainties have long persisted regarding the phylogenetic relationships of the mammalian order Lagomorpha (rabbits, pika) (1-3), due partly to the antiquity of the order, partly to an inadequately known fossil record, and partly to the poorly understood diversity within the order. This last point is certainly aggravated by a preoccupation of scientific investigators with laboratory rabbits (Oryctolagus) almost to the exclusion of other living lagomorph genera.
There are 12 living genera in this order, which contains a much larger number of species. These genera are distributed unequally between two families. Eleven belong to Leporidae, rabbits and hares, as do more than 20 fossil genera. In contrast, the other surviving lagomorph family, Ochotonidae, contains but a single living genus, Ochotona. However, 23 extinct genera are also placed in this family. Clearly, Ochotonidae was formerly a very diverse and important subdivision of the order.
The phylogenetic position of Lagomorpha is, of course, important to the overall pattern of eutherian evolution. Furthermore, conclusions of immunological systematic studies beyond the ordinal level are critically affected by the placement of the rabbit because this animal is the primary source of antibodies used in such studies (4) . In order to establish the phylogenetic position of the Lagomorpha, one must attempt to determine which characters are shared by all lagomorphs, which are shared by advanced but not by primitive ones, and which are characters unique to individual branches of the lagomorph phylogenetic tree.
Amino acid sequence information should be able to make a valuable contribution to our phylogenetic understanding of Lagomorpha as protein studies considering more members of the order become available. Combined sequence analysis of data on a-and ,-globin, myoglobin, cytochrome c, lens a-crystallin, and fibrinopeptides A and B suggests Tupaia as the nearest nonlagomorph relative, followed by Primates. The myoglobin sequence for Oryctolagus cuniculus has been available since 1976 (5) . In an attempt better to understand lagomorph evolution, the primary structure was determined for myoglobin from the pika, Ochotona princeps, the living member of the family Ochotonidae.
MATERIALS AND METHODS
Extraction and Purification of Myoglobin. Myoglobin was extracted from 500 g ofpika (Ochotona princeps) skeletal muscle with 750 ml of 2 mM KCN and centrifuged. The supernatant was submitted to ammonium sulfate fractionation (55% saturation), and the precipitated material was removed by centrifugation. After dialysis against dilute KCN (1 mM) the supernatant was concentrated by using an Amicon ultrafiltration unit equipped with a PM 10 membrane. The concentrated sample was then applied to a 2.5 x 180 cm column of Ultrogel AcA 54 (LKB) equilibrated in 50 mM Tris-HCI/2 mM KCN, pH 8.5 (flow rate 15 ml/hr). The myoglobin-containing fraction was then dialyzed and the heme group was removed by using 1.5% HC1 in acetone. The myoglobin was further purified by ionexchange chromatography (CM 23 carboxymethylcellulose, from Whatman), using a linear gradient of 10 to 40 mM Na2HPO4 in 1 mM dithiothreitol/8 M urea, pH 6.4 (6).
Determination of Amino Acid Sequence. A portion of myoglobin was subjected to cyanogen bromide (CNBr) cleavage (7) . The resulting peptides were separated by gel filtration on a 2.5 x 270 cm column of Sephadex G-75 (Pharmacia), using 0.5% acetic acid for elution (6) .
Intact apomyoglobin was digested with trypsin (8) and the resulting soluble peptides were separated by chromatography and electrophoresis on Whatman 3 MM paper (9, 10) . The insoluble tryptic peptides were hydrolyzed with pepsin (11) and then the products were separated as the soluble peptides were.
CNBr peptides were subjected to enzymic hydrolysis using chymotrypsin, thermolysin (6) , and V8 staphylococcal protease (12) . Thermolysin was also used to digest tryptic peptides consisting of residues 17-31, 64-77, 78-96, 79-96, 80-96, and 119-133. In addition, the tryptic peptide containing residues 17-31 was hydrolyzed with Pronase, and the tryptic peptide containing residues 80-96 was digested with cathepsin (13).
Peptides were eluted from preparative chromatography/ electrophoresis paper containing 5 mg of apomyoglobin each by using 6 M HCl, hydrolyzed 24 hr at 108°C, and analyzed by using a Beckman 119 CL automatic amino acid analyzer with Abbreviation: NR, nucleotide replacement(s).
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attached Beckman 126 data programmer. Peptic peptides representing residues 110-115 and 111-115 were also hydrolyzed for 72 hr. Peptides for Edman degradation were eluted with 3% NH40H.
The amino acid sequence was established from overlapping enzymic and CNBr peptides as well as by dansyl-Edman degradation (14, 15) . Dansyl derivatives were identified by twodimensional chromatography on thin-layer polyamide plates (16) .
RESULTS AND DISCUSSION The amino acid sequence shown in Fig. 1 for pika skeletal muscle myoglobin was established from 131 overlapping peptides and by 84 steps of dansyl-Edman degradation done on selected Proc. Natl. Acad. Sci. USA 79 (1982) peptides. This protein is composed of 153 amino acid residues. Amide and acidic side chains were established on the basis of the electrophoretic mobilities of small peptides at pH 6.5, using
Offord's formula (17) .
This sequence was added to the set of 64 already known vertebrate myoglobin sequences and used to examine the phylogenetic position of the pika among mammals. The sequence information was analyzed by using maximum parsimony procedures outlined by Goodman et al. (18) . As expected on the basis of morphological considerations and current opinions on mammalian taxonomy, the rabbit and pika are related. The phylogenetic position of the order Lagomorpha as a whole is less clearly resolved, however. After the addition ofthe pika primary structure to the already known myoglobin sequences, a relationship of Lagomorpha to Scandentia (Tupaia) is consistently found. Either the tree shrew represents the closest relative of the lagomorphs (Fig. 2 A and  C) or it is separated from lagomorphs by one additional branch (Fig. 2 B and D) . In addition to Scandentia, Carnivora sometimes cluster with the same monophyletic group as lagomorphs (Fig. 2 A-C) . Although the most parsimonious trees found by computer search (Fig. 2 A and B) exclude Primates from a monophyletic group including Tupaja and lagomorphs, one tree requiring six additional nucleotide replacements (NR) suggests its inclusion (Fig. 2C) .
The two most parsimonious trees so far identified (759 NR) both contain a monophyletic group made up of Lagomorpha (rabbit, pika), Scandentia (Tupaia), and Carnivora, but they differ in the branching arrangement within this group (Fig. 2  A and B) . A similar monophyletic group is also favored by combined sequence data for seven different protein chains (a-globin, /3-globin, myoglobin, cytochrome c, lens a-crystallin, and fibrinopeptides A and B), the only difference being the inclusion of Primates in this group (Fig. 2C) .
In the dendrogram presented in Fig. 2A , the monophyletic group including Lagomorpha, Scandentia, and Carnivora represents the most ancient branch ofthe eutherian tree. On a tree of equal length (759 NR, Fig. 2B ) and on the tree favored by combined sequence data (765 NR, Fig. 2C ), this monophyletic group is joined first by a group composed of Artiodactyla, Perissodactyla, and Cetacea, then by a bat-hedgehog branch, and finally by a branch including the elephants, either by themselves (Fig. 2C ) or in combination with Primates (Fig. 2B) . A fourth alternative is also offered (Fig. 2D ) that although requiring only two additional NR (761 NR), differs considerably from those discussed above. This tree, unlike other trees oflow NR length, depicts a bat-hedgehog branch as the closest relative of lagomorphs and relegates carnivores to a more distant position.
Immunological investigations using chicken antisera have also tended to favor a relationship between Carnivora and Lagomorpha similar to that reported here (19) . Because so much immunological work is based on results obtained by using antisera made in rabbits (20) (21) (22) and because some investigators use Carnivora as a reference group for construction of phylogenetic trees by using the additive approach (22) , the relationship between these two orders is critically important. Ifthey are indeed closely related, rabbit antisera to Carnivora must be recognizing a more restricted and probably very different set of antigenic changes from those recognized by antisera to phylogenetically more distant orders. The relationship between results involving carnivores and those involving more distant groups are thus more complex than usually assumed and, in fact, not necessarily directly comparable.
The earliest known lagomorphs are from the Paleocene of Asia (Mimotona) and are very similar to other Tertiary Asian fossil mammals such as eurymylids, early rodents, various anagalid-like animals, and the late Cretaceous genera Zalambdalestes and Barunlestes (3). Clearly, lagomorphs have been separated from their closest relatives since some time within the Paleocene. The order has undoubtedly been independent of its nearest surviving relatives for at least 60 million years. Because forms representing immediate structural antecedents (Megalagus and Mytonolagus) of the two surviving lagomorph families existed at the Eocene-Oligocene boundary 38 million years ago (23) and the earliest point at which both palaeolagine leporids and ochotonids can be recognized definitely is about 32 million years ago (24) , the time of divergence for the Ochotonidae and Leporidae must be between 32 and 38 million years.
If one favors the dendrogram in Fig. 2C , which is based on seven protein chains and is in agreement with one of the two most parsimonious myoglobin trees (Fig. 2B ) in many respects, Ochotonidae and Leporidae have fixed one NR every 4.3 and 5 million years, respectively. For Lagomorpha as a whole, one NR has beenfixed every 3.3 million years, whereas its nearest surviving relative (Tupaia) has fixed only one every 16.7 million years.
Evolution: Dene et aL
